There are many test methods to measure the impact resistance of fiber-reinforced concrete that are complicated, time consuming, and expensive. A practical test method has been developed to measure the impact resistance of high-strength fiber-reinforced concrete (HSFRC). The equipment developed can also be used for testing aggregate impact values by simply changing the base plate of the machine. A machine was developed to measure the surface abrasion resistance of HSFRC. Testing fiber-reinforced concrete for surface abrasion resistance was found to be extremely difficult if realistic and practical results were desired. In this study the influence of silica fume on the properties of HSFRC was investigated by using silica fume at two different percentages and with three different hooked-end fibers, namely, 30/0.50, 60/0.80, and 50/0.60 length/diameter (mm/mm). Fibers were added to concrete in three different percentages of 0.5, 1.0, and 2.0% by volume of concrete. The results show that including fibers in high-strength concrete improves impact resistance, surface abrasion, and splitting tensile strength.
High-strength concrete (HSC) is defined as concrete having a cylinder compressive strength above the present existing limits in national codes, i.e., about 60 MPa, up to 130 MPa, the practical upper limits for concretes with conventional aggregates [1] . The fundamental parameters to produce high-strength concrete are low porosity, which is achieved by using cement contents in excess of 400 kg/m 3 , good quality and well-graded aggregates, low water/cement ratios (less than 0.35), and adequate compaction and curing. To achieve a normal workable mix, a superplasticizing admixture may be necessary.
The advantage of high-strength concrete is that sections are reduced in size, and consequently the required space for concrete elements and volume of concrete-making materials are reduced. The cost of formwork for HSC elements is also reduced. High-strength concrete is especially useful for specific structures such as nuclear power plants, high-rise buildings, offshore platforms, and bridges.
High-strength concrete is more brittle than normal concrete. In order to overcome this brittleness, fibers can be added to concrete. This improves other mechanical properties of high-strength concrete such as impact resistance, surface abrasion resistance, and tensile strength. Silica fume is no longer only a waste by-product from the silicon metal and ferrosilicon alloy industries, but a wellestablished pozzolanic material that can contribute unique properties to portland cement products. Silica fume modifies the physical characteristics of fresh cement paste as well as the microstructure of the paste after hardening [2] .
One method to improve the resistance of concrete when subjected to impact and/or impulsive loading is by the incorporation of randomly distributed hooked-end fibers. The impact resistance at full failure of concrete having 2% fiber content was found to be 8.5 times greater than that of unreinforced concrete [3] . The test was done on refractory concrete by adding steel fibers having an aspect ratio of 55; no silica fume was used. In these a manually operated impact tester as recommended by ACI Committee 544 [4] , having 5.54-kg mass with 457-mm drop height, was used. Other researchers have also used this same impact apparatus [5, 6] .
Although this method of impact test is very practical, it should not be used for high-strength steel-fiber-reinforced concrete (HS-FRC) due to the small weight of the hammer. It would be necessary to drop the hammer (5.54 kg) more than 1000 times in order to reach failure, which is not at all practical. For the same impacting energy, the number of blows is less in the case of a larger hammer (13.5 kg), which is more effective in transmitting impact loads than a smaller-mass hammer in order to reach failure.
Testing surface abrasion resistance of FRC is extremely difficult with existing methods such as ASTM Test for Abrasion Resistance of Concrete by Sandblasting (C 418) and ASTM Test for Abrasion Resistance of Horizontal Concrete Surfaces (C 779), if realistic and practical results are desired [7] . Another abrasion test method by ASTM Standard Test Method for Abrasion Resistance of Concrete (Underwater Method) (C 1138), performed by small particles at low-water velocities, indicated that the addition of steel fibers does not affect the abrasion resistance of concrete [8] . It was also reported that the abrasion losses of fiber-reinforced concrete determined by ASTM C 1138 were consistently higher than those of conventional concrete over wide ranges of water-cement ratio and compressive strength [9] .
Fiber-reinforced concrete can be an alternative for use in pavements, overlays, slabs on grade, and other such applications [10] . These applications require the concrete to be more resistant to abrasion and impact, and thus these properties need to be measured simply and accurately. Therefore, it is important to investigate these properties of concrete with a simplified and practical method, which was the aim of this investigation. To do this, a total of 576 specimens was prepared and tested under impact resistance, abra- 
Mixture Composition and Experimental Procedure

Concrete
The net water-cement ratio used for this study was 0.35 by weight. A blast-furnace slag cement complying with ASTM Standard Specifications for Blended Hydraulic Cements (C 595) was used for all the mixes. The specific gravities of fine, medium, and coarse aggregates were 2.67, 2.68, and 2.68, respectively. The absorption capacity of the aggregates was 0.6%. The maximum sizes of coarse and medium aggregates were about 20 and 9.5 mm, respectively. All the aggregates used were crushed limestone, and their gradings complied with ASTM Standard Specification for Concrete Aggregates (C 33).
To improve the workability of the concrete, a high-range water-reducing admixture superplasticizer Type F complying with ASTM Standard Specifications for Chemical Admixtures for Concrete (C 494) was used. The silica fume used in this study was a commercially available byproduct of the production of silicon metal and ferrosilicon alloys. Silica fume was used to improve concrete properties, both in the fresh and hardened state. The silica fume was 97.0% SiO 2 and had a specific weight of 2.17 g/cm 3 . Silica fume was added at 0, 5, and 10% by weight of cement. Concretes made with these three percentages of silica fume were designated as Series A, B, and C, respectively. For all three concrete series of these, the amounts of blast-furnace slag cement, water, superplasticizer, coarse aggregate, medium aggregate, and fine aggregate used in kg/m 3 were 550.0, 190.6, 16.5, 444.0, 622.0, and 710.0, respectively. The aspect ratios and volumes of steel fibers used in the experimental program are presented in Table 1 .
Steel Fibers
The steel fibers used were hooked-end bundled fibers with three different aspect ratios: (ᐉ/d ϭ length to diameter ratio) of 60, 75, and 83. The lengths and diameters of the three types of fibers were 30, 50, 60 mm and 0.50, 0.60, 0.80 mm, respectively.
Three different fiber volumes were added to each series of concretes: 0.5, 1.0, and 2.0% by volume of concrete (i.e., 39.25, 78.50, and 157 kg/m 3 of concrete) as shown in Table 1 . The tensile strengths of steel fibers having diameters of 0.5, 0.6, and 0.8 mm were 1250, 1200, and 1100 MPa, respectively.
Experiments on Fresh Concrete
The workability of freshly mixed concrete was assessed by using the VEBE consistometer according to BS 1881: Part 104 Method of Determination of VEBE Time.
The standard curing procedure defined in BS 1881: Part 111 Method of Normal Curing of Test Specimens (20°C Method) was applied, and all the specimens were compacted in molds by means of a vibrating table.
Impact Resistance Tests
The test was performed on 150-mm-diameter by 60-mm-thick cylinders cut from 150 by 300-mm cylinders. A drop-weight type impact test machine was developed by modifying an aggregate impact test machine in accordance with BS 812: Part 112 Method of Determination of Aggregate Impact Value. This machine was a combination of the aggregate impact test machine and the dropweight type test apparatus recommended by ACI Committee 544 [8] . This combination is shown in Fig. 1 . Twelve cylinders cut from three (150 by 300-mm) cylinders were tested to obtain the average number of blows required to cause the first visible crack and ultimate failure at 28 days of age.
Elastomer pieces were placed between the specimen and the positioning lugs in the vertical direction at four points. The positioning bracket was then bolted, and the hardened steel ball was placed on top of the specimen with the bracket. Elastomer pieces were used between the specimen and positioning lugs during testing to the first visible crack. The hammer was dropped repeatedly, and the number of blows required to cause the first visible crack on the top and to cause ultimate failure were each recorded. The elastomer was removed after the first visible crack was observed. Ultimate failure was defined as the opening of cracks in the specimen sufficiently so that the pieces of concrete were touching three of the four positioning lugs on the base plate. The mass of the drop hammer is 13.5 kg and the height of drop is 30.0 cm. 
Surface Abrasion Tests
The test was performed on 150-mm-diameter by 60-mm-thick cylinders cut from 150 by 300-mm cylinders. A surface abrasion testing machine was developed from a concrete core drilling machine as shown in Fig. 2 . The free advance lever of the machine was removed and a pulley system was attached in order to eliminate the difficulty in maintaining a constant load on the specimen. The load on the specimen was 19.6 N (2.0 kg). The abrasive stone was one that is used to complete the surface finishing of mosaics for floor tiles during their production. This stone, which was about 120 mm in diameter and 75 mm thick, was glued at the edge of the cylinder to the casing above with a strong glue. The center of the stone was left open in order to allow water flow. At the beginning of the test, the abrasive stone was brought into contact with the surface of the specimen, the motor was started, and abrasion continued for 75 s. A test period of 75 s was found to be sufficient to produce significant wear (3.0 mm) of the concrete surface. An electric motor with a gearbox system was used to rotate the abrasive stone at a speed of 300 rpm. Three concrete cylinders were tested at 28 days of age to produce an average value. In this study, one abrasive stone was found to be enough to complete the tests of 45 specimens. The weight loss of each specimen was calculated by comparing the oven-dried weight before and after the test.
During the test, it was observed that the detritus from the abrasion was washed out immediately with water. Therefore, this detritus had little or no effect on the abrasion of the specimens tested.
Splitting Tension Tests
The test was performed on 150-mm cubes by splitting each along its middle, parallel to the edges, by applying two opposite compressive forces through 15-mm-square bars of sufficient length according to BS 1881: Part 117 Method of Determination of Split-
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FIG. 1-Test equipment for impact resistance.
ting Tensile Strength. This test was used because of its simplicity, which results in more uniform results than other tension tests. Another advantage is that the same molds can be used for casting specimens for both the compression and splitting tests. The load applied was 0.02 to 0.04 Pa/s for the test of splitting tensile strength. Six cubes were tested at 28 days to obtain an average value for each type of concrete.
Compressive Strength Tests
The test was performed on 150-mm cubes according to BS 1881: Part 116 Method of Determination of Compressive Strength of Concrete Cubes. Six cubes were tested at 28 days to obtain an average value for each type of concrete.
Results and Discussions
Freshly Mixed Concrete Properties
As shown in Table 1 , the VEBE times generally increase when increasing the fiber content and the aspect ratio of fibers. There seems to be no clear effect of the addition of silica fume on VEBE time of HSFRC.
Impact Resistance Tests
Results of impact resistance tests, surface abrasion resistance tests, compressive strength, and splitting tensile strength of HS-FRC are given in Table 2 . Figure 3 shows the variation of impact resistance with volume percentages and aspect ratios of fibers for HSFRC containing no silica fume, 5% silica fume, and 10% silica fume by weight of cement. The results indicated that:
1. Increasing the fiber content increases the impact resistance irrespective of silica fume contents or fiber aspect ratios. 2. A 2% fiber volume and an aspect ratio of 83 with 5% silica fume increased the impact resistance of plain concrete by 80 times. 3. Figure 3 shows the variation of the impact resistance behavior at full failure. It is obvious that the highest number of blows is obtained with concretes containing 5% silica fume.
Surface Abrasion
Results of the surface abrasion tests are shown in Table 2 . Increase in surface abrasion resistance is shown in two different ways in Table 2 . The first column is done with respect to plain concrete in each series, and the second column is done with respect to plain concrete (no fibers and no silica fume). Figures 4, 5, and 6 show the increase in abrasion resistance with fiber type and fiber content. The results indicated that:
1. The addition of 2% steel fibers by volume with an aspect ratio of 60 to plain concrete (with no silica fume) increases abrasion resistance by a maximum of about 40%. 2. The addition of silica fume and steel fibers to plain concrete increases the surface abrasion resistance. The maximum increase in surface abrasion resistance was observed with the addition of 2% steel fibers by volume with an aspect ratio of 83 and 10% silica fume.
3. The addition of silica fume and steel fibers to plain highstrength concrete increases splitting tensile strength.
4. The addition of silica fume to plain concrete increases compressive strength. On the other hand, compressive strength slightly reduces by addition of fibers due to poor compaction.
6. Fiber-reinforced concrete can be an alternative for use in pavement, overlays, grades, side walks, and other such applications where surface abrasion resistance is especially important. These tests showed that, for such applications, the use of 10% silica fume and 2% steel fibers with an aspect ratio of 83 will give the maximum resistance for surface abrasion.
